Endoglucanase I (EGI) from Trichoderma viride HK-75 catalyzes not only hydrolysis but also transglycosylation reactions of cellooligosaccharides. In order to characterize the important amino acid residues in transglycosylation of EGI, three Tyr, one Leu, and two Glu residues of EGI were replaced by Trp or Asp. The seven resulting EGI, except for L200W, had reduced activities toward carboxymethyl-cellulose compared to that of wild type EGI. The results from the mutations in the catalytic residues of E196 and E201 indicate that the space just around the catalytic residues is not directly related to the transglycosylation reactions of EGI. Analyses of the enzymes with mutations in the substratebinding residues showed that Y146, Y170, and L200 of EGI are closely involved in the mode of transglycosylation and that several amino acid residues within the active site are involved in the transglycosylation reaction of EGI.
Most cellulases from theˆlamentous fungi
Trichoderma species are two-domain proteins composed of a catalytic domain connected via a linker peptide to a small cellulose-binding domain (CBD). 1) The catalytic domains usually belong to diŠerent families having diŠerent folds, while the CBDs share high sequence identity and have similar wedgeshaped structure. [2] [3] [4] Despite diŠerent folds, there is limited variation in the active site topologies of all glycosyl hydrolases 5) and the active site commonly contains several binding subsites for the substrate.
The structure of the catalytic domain of endoglucanase I (EGI) from T. reesei was solved by the molecular replacement method based on the crystal structures of T. reesei cellobiohydrolase I (CBHI), and Humicola insolens EGI. 6, 7) The structure had an extended, open substrate-binding cleft, rather than a tunnel as found in the homologous CBHI from T. reesei. 8, 9) According to the comparison of the primary structures of both EGI from T. viride HK-75 and T. reesei, 10) both EGI were anticipated to have similar three-dimensional structures and the same catalytic mechanism of a double displacement. 4, 5, 11) In this mechanism, nucleophilic attack of a glycosyl-enzyme intermediate at the anomeric carbon occurs by a water molecule or another carbohydrate molecule. The latter reaction is known as transglycosylation, which is typical characteristic only found in retaining enzymes. [12] [13] [14] [15] EGI of T. viride HK-75 was found to have both hydrolytic and transglycosylation activities toward cello-oligosaccharides. 10) Several reports on transglycosylation activity of the retaining cellulases point out the possible involvement of transglycosylation products in the regulation of the cellulase-encoding genes in theˆlamentous fungi, especially in Trichoderma species. 12, 13, 16) In this study, in order to clarify the amino acids involved in the transglycosylation reaction of EGI, six amino acid residues that are conserved in the family 7 cellulases were modiˆed by site-directed mutagenesis. The hydrolysis and transglycosylation activities of mutant EGIs were then investigated and the eŠects of amino acid alterations are also discussed.
Material and Methods
Strains and plasmids. Escherichia coli JM109 (recA1, supE44 endA1, hsdR17, gyrA96, relA1, thi ・ D(lac-proAB), F?[traD36, proAB+, lacI q , lacZ ・ DM15]) was used for general propagation of plasmids. pTEF3 10) carrying cDNA of the egl1 gene encoding EGI was used for mutagenesis. E. coli AD494 (DE3) and pET32a (Novagen, Madison, U.S.A.) were used as a host strain and a plasmid for expression of the egl1, respectively. E. coli cells were grown in Luria-Bertani (LB) medium 17) with an appropriate antibiotic.
Site-directed mutagenesis. A single set of oligonucleotides was designed for one mutation as shown in Table 1 . The oligonucleotides were 5?-phosphorylated by T4 polynucleotide kinase before use. Site-directed mutagenesis was done by PCR with a QuickChange Site-directed mutagenesis kit (Stratagene, USA) using the protocol recommended by the supplier. Mutations were conˆrmed by DNA sequencing.
Construction of expression plasmids. The plasmids expressing the mutated egl1 genes were constructed by the method described previously.
10) The mutated egl1 gene was inserted into MscI W HindIII sites of pET32a to produce recombinant EGI as fusion proteins with N-terminal thioredoxin and C-terminal histidine tags (6x His-tag).
Expression and puriˆcation of enzymes. E. coli AD494 (DE3) cells expressing the wild type (wt) and mutant egl1 genes were grown at 379 C to a cell density equivalent to an OD600 of 0.5. After induction with 0.1 mM isopropyl-b-D-galactopyranoside for 3 h at 379 C, the proteins produced were puriˆed from the inclusion bodies as described previously.
10) The purities and molecular masses of the resulting enzymes were measured by SDS polyacrylamide gel electrophoresis (PAGE) as described by Laemmli. 18) Protein concentration was measured by the method described by Bradford 19) using bovine serum albumin as a standard.
Endoglucanase activity. The hydrolyzing activity toward carboxymethyl cellulose (CMCase activity) of the puriˆed enzymes was assayed in 50 mM sodium acetate buŠer, pH 4.5 at 459 C with 1z CMC (w W v) as a substrate. The amount of reducing sugar was measured by the dinitrosalisylic acid (DNS) method described by Bernfeld. 20) One unit of CMCase activity was deˆned as the amount of enzyme releasing 1 mmol of reducing sugar from the substrate per min under the standard conditions. Transglycosylation activities. Transglycosylation activities of the mutant and wt enzymes were measured by the method described previously. 10) A total test volume of 1.0 ml contained 10 mM sodium acetate buŠer, pH 4.5, 2 mM cellotriose or cellotetraose, and 0.33 mM enzyme. Incubation was done at 309 C and the reaction mixture was taken at 0, 5, 10, 30, 60, and 180 min as a portion of 50 ml. The reaction was stopped by heating at 1009 C for 5 min and the inactivated enzyme was removed by a spin-column (10,000 mol-wt cutoŠ, Millipore, U.S.A.). After concentration under vacuum, the samples were then spotted on silica gel 60 (Merck, Germany). Thin layer chromatography (TLC) was done with triple ascents of a solvent system of acetonitrile W water (75:25,v W v) as described previously. 10) The plate was stained by spraying 50z sulfuric acid in methanol, then heating at 1109 C for 5 min. The resulting plate was then analyzed using Bio-1D and 2D analysis software (Vilber Lourmat, France) to measure the reaction products.
Enzyme kinetics. Initial rates of hydrolysis were measured at 309 C in 10 mM sodium acetate buŠer, pH 4.5, using appropriate concentrations (1-30 mM) of cellotriose and cellotetraose. Enzyme concentrations were 15-50 nM and reaction was started by the addition of 25 ml of enzyme to the same volume of substrate. The reaction was stopped by heating and the samples were put through TLC. The stained reaction products were then analyzed as described above. Kinetic parameters were calculated from double reciprocal (Lineweaver-Burk) plots.
Circular dichroism spectroscopy. Circular dichroism (CD) spectra of the puriˆed enzymes were recorded twice on a spectropolarimeter (model J720, Jasco, Japan). The concentration of the enzyme in the sample was adjusted to A280 of 0.3 in 50 mM sodium acetate buŠer, pH 4.5. Molar ellipticity (mdeg) was measured in a 1-mm path length cell as a function of wavelength from 190-250 nm.
Results

Characterization of mutant EGIs
The mutant EGI in which Glu-196 was replaced by Asp is referred to as E196D. The two glutamic acids such as E196 and E201 of EGI that were supposed to act as catalytic residues 8, 9) were replaced by aspartic acid in order to make the inside of the active site more acidic and to broaden the distance between the catalytic residues. Even though the interaction between pyranose and aromatic rings in carbohydratebinding proteins is well studied, [6] [7] [8] [9] [21] [22] [23] [24] the nature of the phenomenon still remains unknown. Hydrophobicities of the binding residues have been suggested to play a key role in the interaction. [25] [26] [27] In this study, the hydrophobic residues such as the three conserved tyrosines of Y38, Y146, and Y170, and one leucine of L200 that were supposed to be involved in substrate-binding 9) were also replaced by bulky hydrophobic tryptophan, which may alter the substrate binding a‹nity.
Although all the recombinant E. coli cells were grown under the same conditions, mutant EGI with Trx and His-tag were produced in diŠerent amounts (data not shown). The EGI fusion proteins were produced as prominent inclusion bodies in all cases. Since the wtEGI fusion protein expressed in E. coli had been successfully refolded by treatments with urea and following dialysis and been puriˆed by a Ni-NTA agarose column as described previously, 10) the same method was used to refold and purify the mutant EGI fusion proteins. Thus, all mutant EGIs as well as wtEGI gave a single band each of 62.5 kDa on SDS-PAGE that were in agreement with the molecular masses expected from the primary sequence of the EGI fusion proteins (Fig. 1) . The wtEGI and mutant EGIs were obtained at levels from 5.4 to 13.8 mg W ml of culture. Table 2 shows CMCase activities of mutant EGI. Except for L200W, the CMCase activity of the respective mutant enzymes such as Y38W, Y146W, and Y170W, in which the conserved Tyr residues were replaced by Trp, were slightly lower than that of wtEGI. On the other hand, the CMCase activities of the mutant enzymes such as E196D, E201D, and E196 W 201D, where catalytically important glutamic acids 196 and 201 were replaced by aspartic acid, were signiˆcantly decreased to 5.8-19.5z.
Secondary structures of mutant EGIs were analyzed by CD spectroscopy in comparison with that of wtEGI. No gross conformational changes were caused by the amino acid substitution, indicating that mutant EGIs were structurally unchanged from the wtEGI (Fig. 2) . The result indicates that the reduced CMCase activity of the mutant enzymes is due to the amino acid alteration(s) within the catalytic site.
Transglycosylation activities
Transglycosylation products by mutant EGIs were analyzed by TLC using cellotriose (G3) and cellotetraose (G4) as substrates (Table 3 ). G4 and cellopentaose (G5) as the transglycosylation products were detected in four mutant EGIs of Y38W, Y146W, Y170W, and L200W as well as wtEGI when G3 was used as the substrate. In this experiment, the amounts of the transglycosylation products reached their highest after 10 min of reaction. At 5 min of initial incubation, the production ratio of G4:G5 in Y38W was 1.6:1.0, which was similar to that of 
Three diŠerent sets of reactions were done at 309 C in 10 mM sodium acetate buŠer, pH 4.5. Abbreviations: G4, cellotetraose; G5, cellopentaose; G6, cellohexaose.``T'' and``-``indicate a trace amount of product and no product, respectively. Total amount of hydrolysis products was taken as 100z. Three diŠerent sets of reactions were done at 309 C in 10 mM sodium acetate buŠer, pH 4.5. Kinetic parameters of all enzymes were estimated by double reciprocal plots of the concentration of the substrate against the velocity of the hydrolysis.
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Functional Analysis of T. viride Endoglucanase I 1.8:1.0 in wtEGI. However, production ratios of G4:G5 in Y170W and L200W changed to 1.1:1.0 and 1.2:1.0, respectively. The most signiˆcant change was observed in Y146W, where the same enzyme produced mainly G4 along with a trace of G5 as the initial products of transglycosylation. As theˆnal hydrolysis products, only glucose (G1) and cellobiose (G2) were detected with all of these mutant enzymes, and no G3 was detected after 180 min of reaction (data not shown).
On the other hand, only small amounts of the transglycosylation products were detected both in E196D and E201D with G4:G5 of 1.5:1.0 and 1.6:1.0, respectively, indicating that replacement of E196 and E201 did not aŠect the mode of transglycosylation. No transglycosylation product was detected in E196 W 201D. Even after 180 min of reaction, approximately 25-80z of G3 still remained in E196D, E201D, and E196 W 201D (data not shown). Table 3 also shows the transglycosylation from G4
by the mutant enzymes. Only G5 as a transglycosylation product was detected in the reaction by wtEGI and L200W after 5 min. Transglycosylation products were not detected in the other mutant enzymes. In wtEGI, Y38W, Y140W, Y170W, and L200W, most G4 was hydrolyzed apace within 10 min to produce G2 with some other products, while approximately 60-90z of G4 still remained at the end of the reaction in E196D, E201D, and E196 W 201D (data not shown).
Kinetic properties of mutant EGIs
In order to analyze the functions of Y38, Y146, Y170, and L200 residues, the kinetic parameters of mutant EGIs along with wtEGI were measured using G3 and G4 as substrates. The kcat of Y146W and Y170W for G3 and G4 were comparable to those of wtEGI, but their Km for G3 and G4 were approximately 2 times higher than those of wtEGI (Table 4) . On the other hand, the kcat and Km of Y38W and L200W were almost the same with those of wtEGI.
Discussion
We previously described how the catalytic and transglycosylation activities were comparable between recombinant wtEGI (with Trx and His-tag) and native EGI. 10) In this study two types of mutations including alterations of the catalytic residues and substrate-binding residues were designed to investigate the transglycosylation capabilities of EGI. The replacement of glutamic acid by aspartic acid in the catalytic residues such as E196 and E201 may lead to widen the space around the catalytic residues because of its shorter side chain. The resulting enzymes such as E196D, E201D, and E196 W 201D retained weak hydrolytic activity toward CMC (Table 2 ). This result demonstrated that besides the presence of a carboxylic group in E196 and E201 of EGI, the appropriate distance between two residues functional as catalytic nucleophile and acid W base is also critical for the e‹cient hydrolysis of cellulose chain. The distances between two catalytic residues of glycosyl hydrolases have been well found to be approximately 5.5 Å in retaining enzymes and 10 Å in inverting enzymes. 4) EGI uses retaining mechanism for hydrolysis. Therefore it is likely that the low activities of these mutant enzymes are due to the alteration of the distance suitable for retaining enzymes. Two enzymes with mutations in a single amino acid of E196 and E201 also retained weak transglycosylation activities toward G3 to generate G4 and G5. The yields of transglycosylation products were lower for E196D and E201D than for wtEGI, and the modes of transglycosylation by these enzymes were not changed from that by wtEGI. The results suggest that the space just around the catalytic residues where an acceptor substrate or the water molecule would be accommodated does not directly in‰uence the mode of transgylcosylation of EGI. Moreou et al. reported that the replacement of Asn173 to Asp173 of the xylanase A of Sterptomyces lividans greatly aŠected its transgylcosylation reactions. 15) In this case, the substitution of Asn173 by its isosteric form Asp led to a change in the interaction of the acceptor substrate without disruption of the catalytic cleft. Therefore, in this study, alteration of the substrate-binding residue was also attempted.
The hydrophobic residues such as highly conserved tyrosines of Y38, Y146, and Y170, and leucine 200 in the active site that were supposed to be involved in substrate binding 8) were replaced by a bulky hydrophobic tryptophan to alter the substrate binding a‹nity. According to the studies of Kleywegt et al. 6) and Divne et al., 9) Y38 of EGI from T. reesei was considered to interact with pyranose by a stacking interaction. However, kinetic parameters for hydrolysis and transglycosylation reactions of cellooligosaccharides of Y38W from T. viride were comparable to those of wtEGI. These results demonstrated that the strength of hydrophobicity and the size of the side chain of W38 have little eŠect on the enzymic function of EGI (Tables 3 and 4) . The mutation in which the mutated residue was adjacent to the catalytic residue was found to have little eŠect on the hydrolytic catalysis of cellooligosaccharides. However, the same mutation seems to aŠect the transglycosylation reaction, because an increased yield of G4 and decreased yield of G5 were demonstrated, compared to wtEGI (Table 3 ). The replacement of Y146 and Y170 by tryptophan aŠected the Km values for G3 and G4 hydrolysis ( Table 4 ). The unchanged k cat values of these mutant enzymes imply that neither Y146 nor Y170 residues are directly involved in the catalytic function of EGI, however, these are required for the appropriate binding of substrate to the active site. As for transglycosylation, approximately half of G4 and the trace amounts of G5 for Y146W, and 65z of G4 and 100z of G5 for Y170W were produced in the initial stage, compared to those for wtEGI. These results indicate that initial-bondcleavage frequencies toward G3 are changed in these mutant enzymes. wtEGI produced G4 and G5 with the ratio of 1.75:1.0 at the initial stage of transglycosylation of G3. This implies that wtEGI cleaves the second glycosidic bond from the reducing end of G3 1.75 times higher than theˆrst glycosidic bond. Then the glucosyl-and cellobiosyl-enzyme intermediates as donors could be used to transfer G1 and G2 to the non-reducing end of G3 via the double-displacement mechanism. As for Y146W and Y170W, the preferable cleavage bond was shifted to the second bond and theˆrst bond, respectively, probably due to the change of the substrate binding mode as demonstrated in Table 4 .
Thus, the replacement of a diŠerent single amino acid resulted in the alteration of transglycosylation, indicating that the transglycosylation reactions are coordinated by the multiple amino acids forming the subsite of the catalytic center. The results also provide additional information that several amino acid residues are important for transglycosylation of EGIs the amino acids of which may be involved in the maintenance of the correct structure of the active site and retaining an appropriate distance between the catalytic residues. preserved cellulose binding surface. Protein Eng., 8, 443-450 (1995) . 27) Linder, M, Lindeberg, G., Reinikainen, T., Teeri, T.
T., and Petterson, G., The diŠerence in a‹nity between two fungal cellulose-binding domains is dominated by a single amino acid substitution. FEBS Lett., 372, 96-98 (1995).
